The Plant Genome DataBase Japan (PGDBj, http://pgdbj. jp/?ln=en) is a portal website that aims to integrate plant genome-related information from databases (DBs) and the literature. The PGDBj is comprised of three component DBs and a cross-search engine, which provides a seamless search over the contents of the DBs. The three DBs are as follows. (i) The Ortholog DB, providing gene cluster information based on the amino acid sequence similarity. Over 500,000 amino acid sequences of 20 Viridiplantae species were subjected to reciprocal BLAST searches and clustered. Sequences from plant genome DBs (e.g. TAIR10 and RAP-DB) were also included in the cluster with a direct link to the original DB. (ii) The Plant Resource DB, integrating the SABRE DB, which provides cDNA and genome sequence resources accumulated and maintained in the RIKEN BioResource Center and National BioResource Projects. (iii) The DNA Marker DB, providing manually or automatically curated information of DNA markers, quantitative trait loci and related linkage maps, from the literature and external DBs. As the PGDBj targets various plant species, including model plants, algae, and crops important as food, fodder and biofuel, researchers in the field of basic biology as well as a wide range of agronomic fields are encouraged to perform searches using DNA sequences, gene names, traits and phenotypes of interest. The PGDBj will return the search results from the component DBs and various types of linked external DBs.
Introduction
The genome sequence of the dicot model plant Arabidopsis thaliana (thale cress) was published in 2000 (Arabidopsis Genome Initiative 2000). The genome annotation has been updated; the latest version of TAIR, TAIR10 (The Arabidopsis Information Resource, http://www.arabidopsis.org/; Lamesch et al. 2012) , contains 27,416 protein-coding genes, adding approximately 2,000 new gene models to the previous release. The gene annotations have also been updated for the monocot model plant Oryza sativa (rice) by incorporating resequencing data generated with next-generation sequencers ). The latest assembly, 'Os-Nipponbare-Reference-IRGSP-1.0' and the annotation information are available at RAP-DB (The Rice Annotation Project database, http://rapdb. dna.affrc.go.jp/; Sakai et al. 2013) . Technical advances in DNA sequencing have enabled the genome sequencing of other plant species, including crops and species with more complex genome structures. To date, the entire genomes of >40 plant species have been sequenced and published (NCBI Genome database, http://www.ncbi.nlm.nih.gov/genome/; NCBI Resource Coordinators 2013). In addition, resequencing data are rapidly accumulating, not only for model species but also for various cultivars.
Several DBs provide integrated information related to plant genomes. For example, the Gramene DB (http://www. gramene.org/; Jaiswal 2011 , Youens-Clark et al. 2011 ) provides data resources for comparative analysis of grass genomes. TAIR maintains molecular biological and genetic data of the model plant A. thaliana, and provides GBrowse (the Generic Genome Browser, http://gbrowse.org/; Donlin 2009) for eight plant species, allowing comparison of gene models with A. thaliana. The Sol Genomics Network (SGN) provides genomic, genetic, phenotypic and taxonomic information for members of the Solanaceae family (http://solgenomics.net/; Bombarely et al. 2011) . The PlantGDB (http://www.plantgdb.org/; Duvick Plant Cell Physiol. 55(1): e8(1-7) (2014) doi:10.1093/pcp/pct189, available online at www.pcp.oxfordjournals.org ! The Author 2013. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists. This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http:// creativecommons.org/licenses/by-nc/3.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals. permissions@oup.com et al. 2008) contains genome sequence data of 16 dicot and seven monocot species in addition to several algal species. This DB aims at developing and providing a method for plant genome annotation. Phytozome (http://www.phytozome.net/ ; Goodstein et al. 2012 ) provides links to 41 genome sequences of plant species, accompanied by annotations and evolutionary relationships for comparative genomic analysis.
Numerous plant genome-related DBs also exist in Japan. Various types of information such as DNA sequence, transcriptome, protein, metabolite and phenotypic data are provided. Since each research group generally establishes its own DB, the data are provided in different formats, thus making it difficult for users to locate the desired information properly and efficiently. To solve this problem and provide a wide range of researchers with the benefit of plant genome-related data, we have constructed the Plant Genome DataBase Japan (PGDBj, http://pgdbj.jp/?ln=en). Users of the PGDBj will be efficiently guided to necessary information from accumulated and linked data, by simply performing a Google-like search (Fig. 1a) in the PGDBj cross-search window.
Cross-Search System for the PGDBj
A cross-search system over all contents of the PGDBj is provided (Fig. 1a) . Full text searches are run by Hyper Estraier (http://fallabs.com/hyperestraier/). Text data in each component DB are pre-selected and stored (indexed) in order to speed up the search process, to create a common search platform for the content of each of the component DBs, which were originally registered in different formats, and to allow less stringent keyword matches (partial matches). When a search is executed, the engine scans the indexed text data and returns a result with respect to the component DB category. A direct search against each component DB is also available (Fig. 1b-d) ; however, since direct searches will not utilize the above-mentioned system, keyword selection by the users should be more stringent (perfect match required).
An example of a cross-search result is indicated in Fig. 2 . The window is divided into two parts; DB categories are shown in the left-hand panel and the list of entries retrieved from the respective DB is shown in the right-hand panel. It is possible to narrow the search result by selecting the type of DB, organism and/or taxonomy rank. By clicking the hypertext links in the right-hand panel (retrieved entries from DBs), users are guided to detailed information of either the content of internal component DBs or linked external DBs.
As shown in Figs. 1 and 2, users first encounter a Google-like search window in the PGDBj. The search will retrieve entries in internal component DBs, i.e. the Ortholog DB, the Plant Resource DB and the DNA Marker DB, and the retrieved entries will be linked to external plant genome-related DBs, realizing a seamless and integrated search against a wide range of DBs and relevant information.
Construction of the Ortholog DB and Integration of Plant Genome Databases
The Ortholog DB for plant genome database integration
We defined 'orthologous genes' by computational clustering of genes with their amino acid sequence similarities, and stored them in the Ortholog DB. To integrate genome-related DBs of various plant species, sequence similarities are the fundamental means of linking individual DB entries describing genes with even unknown functions or partial fragments of sequences. Most plant genome DBs available on the Internet are equipped with a similarity search feature to find homologous entries in their sequence data. Using such interfaces, the DBs can be searched repeatedly by indicating sequences as queries, and the corresponding DB entries can be accumulated. Although each search result lists sequences similar to the query in descending order of similarity scores, it is not always easy to comprehend the whole relationship constituted by a series of query-result relationships obtained by the repetition of a search across DBs. Therefore, based on these similarity relationships, sequences of genes are categorized into a set of clusters in each of which the members are more similar than some threshold to each other. We refer to this set as an ortholog. However, the threshold of similarity that can appropriately aggregate sequences as clusters is not clear or cannot be naturally determined under only one simple condition, owing to the hierarchical and nested structures of functions and the characteristics of genes. To solve this limitation, boundaries of clusters in an ortholog table should be variable in conjunction with the similarity threshold, and such elastic characteristics of data structures in the DB can provide flexible search functions, e.g. by zooming in and out around a particular gene of interest in the search space. By associating entries in the genome DBs with the sequences in the Ortholog DB via sequence similarity, and then reciprocally traversing these associations among DB entries through the clusters in the Ortholog DB, flexible and deep linking of the genome DBs of various organisms is realized.
Construction of the Ortholog DB
Approximately 500,000 amino acid sequences of 20 plant species classified in the Viridiplantae kingdom (Table 1) were obtained from the NCBI RefSeq database (Release 57, NCBI Reference Sequence database, http://www.ncbi.nlm.nih.gov/ refseq/; NCBI Resource Coordinators 2013). Currently, organisms in the NCBI RefSeq database that have >1,000 amino acid sequences are included in the Ortholog DB. We performed local alignments of all pairs of sequences using the NCBI BLAST program (Altschul et al. 1990 ) with default parameters. Sequences of individual species were accumulated in separate FASTA files. We carried out BLAST searches of a query sequence against the accumulated sequences, and evaluated the BLAST E-values. This procedure was executed for all sequences, and we stored the similarity relationships in tables of a relational DB which is used to generate clusters of orthologous sequences. The clusters were generated in a hierarchical and recursive manner along a phylogenetic tree to reflect the taxonomic relationships. To arrive at initial clusters in the recursive process of generation, we generated dendrograms of clustering results by a single-linkage method using sequence similarity relationships satisfying a cut-off condition (a BLAST E-value 10 À5 ) with respect to the sequence sets from an individual organism. If one-half of all the pairs of the sequences in a subtree of a dendrogram satisfied the BLAST E-value cut-off condition, we concluded that those sequences constituted a cluster of similar sequences. Starting with those initial clusters at the organism level, the aggregation of clusters in subtaxa into clusters in their supertaxon by a single-linkage method in a manner similar to that at the organism level was repeated until clusters at the Viridiplantae kingdom level were obtained. The clusters in all the taxa were stored in a relational DB table and identified by pairing the taxonomy ID of the NCBI taxonomy DB with the unique cluster ID assigned by the Ortholog DB in each taxon. The three major tables of the DB-sequences, similarities and clusters-constitute the core of the Ortholog DB. From the PGDBj cross-search page (Fig. 2a) , the clusters can be searched by a keyword in the sequence annotation, and the results are displayed by clicking on 'Ortholog DB' in the top-level category 'DB' in the left-hand panel of the result window (Fig. 2b-1 ). The clusters at each level of taxonomy can be selected by clicking a species name (e.g. 'Chlamydomonas reinhardtii', 'Oryza sativa' or 'Arabidopsis thaliana') or a taxonomy rank name (e.g. 'kingdom', 'phylum' or 'class') in the left-hand panel of the result window (Fig. 2b-3 ).
Associating plant genome databases with the Ortholog DB For each sequence obtained from the plant genome database, local alignments were performed using the NCBI BLAST program against all the sequences in the Ortholog DB. Sequence similarities between the query and DB sequences were stored in a DB table. By joining the table with the core part of the Ortholog DB-the tables of sequences, similarities and clusters-each DB entry of the plant genome DBs can be associated with the Ortholog DB. By identifying the entries of the genome DBs associated with specific clusters in the Ortholog DB, relevant entries can be accumulated across the multiple plant genome DBs appearing in the left-hand panel of the result window of the cross-search (Fig. 2b-2) . The hierarchical structures inherent in the Ortholog DB can be used to manage the range of the accumulation and the degree of relevance. The clusters generated at each taxonomic rank allow users to focus on functions and characteristics specific to the clusters by tracing the upper-lower relationships among the clusters along the phylogenetic tree. In each of these clusters, member sequences are hierarchically arranged in a tree structure according to their sequence similarities, allowing cluster members more relevant to one of the sequences to be efficiently extracted. The extraction of these members can then lead to counterparts in the plant genome DBs.
Integration of the Plant Genome Databases with DNA Markers and Linkage Map Information
Curation of markers, maps and QTL information DNA markers and genetic linkage maps are prerequisite tools for performing molecular genetic studies of plants. Particularly in crops, many types of DNA markers have been developed and used for constructing linkage maps. Such information is useful for mapping the loci of agronomic importance onto chromosomes, and is often quantitative rather than qualitative. Sequence-tagged DNA markers provide opportunities to perform intra-or interspecies comparisons of genome structure. Thanks to recent technical advances, large numbers of DNA markers can be developed cost-effectively, regardless of plant species, making it possible to perform genome comparisons between different species with high accuracy. We therefore chose to use DNA markers for plant genome DB integration and selected 55 species belonging to 24 families. For 10 species, large-scale DNA marker data have been published by the Kazusa DNA Research Institute (Hayashi et al. 2001, Sato Hisano et al. 2007 , Isobe et al. 2009 , Shirasawa et al. 2010a , Shirasawa et al. 2010b , Koilkonda et al. 2011 , Isobe et al. 2012 , Shirasawa et al. 2012a , Shirasawa et al. 2012b , Isobe et al. 2013 , Shirasawa et al. 2013a , Shirasawa et al. 2013b , Shirasawa et al. 2013c , and this marker information has already been integrated into PGDBj ( Table 2) . For six of these species, linkage map information is available for viewing.
DNA marker and linkage map DBs for model plants (Arabidopsis, rice and several major crop species) have been generated. However, for other plant species, such information is available only in the published literature. One of our major objectives is to curate information on DNA markers and quantitative trait loci (QTLs) from the literature and make it available in our DB. Before performing manual curation, we searched the literature and DBs using keywords to select target species. As a result, 23 species for which there were substantial numbers of publications on DNA markers and QTLs were selected. The curated marker information included marker sequences (e.g. primers and amplicons), typing methods, population and linkage map information, and values related to population genetic analyses. In the QTL curating process, we accumulated data on chromosomal positions and LOD (logarithm of odds) scores in addition to the genetic effects (e.g. dominant effect and additive effect). The present status of the curated results is indicated in Table 2 . In the PGDBj cross-search, users can access the marker information by clicking on 'DNA marker DB' (Fig. 2c-1) , and filter the result by marker types such as 'SSR' or 'SNP' (Fig. 2c-2 ).
Database links
Currently, >570 DB and website links related to plant genomerelated research and information have been accumulated. They were classified according to the content, such as 'Genome resource', 'Genome database', 'Marker database', 'Expression database' or 'Omics database', and also by the plant species described. The DB links are searchable from the PGDBj cross-search (Fig.  2a-1) . We provide links to currently developed and updated DBs, e.g. The Chloroplast Function Database II (Myouga et al. 2013) , KNApSAcK (Afendi et al. 2012) , RiceFOX (Sakurai et al. 2011 ) and ATTED-II (Obayashi et al. 2011 ).
Integration of Plant Resource Databases
Arabidopsis research has been greatly accelerated through a coordinated effort of the international community to develop, accumulate and share biological resources, e.g. cloned genes and mutant lines. In crops, germplasm stored over the long term in the form of seeds has played an important role in unraveling the genetic variation. The importance of so-called bioresources is recognized in Japan, and the National BioResource Project (NBRP) collects and maintains various resources of Arabidopsis, rice, wheat, barley, algae, chrysanthemum, morning glory, Lotus japonicus, soybean and tomato (Yamazaki et al. 2010 Fukami-Kobayashi et al. 2014 ) system in the PGDBj, which provides information on genes homologous to the Arabidopsis TAIR gene models in various plant species (Table 3) . Users are guided directly to the respective resource center's site by clicking on the hypertext link.
Citrus is an important fruit crop in Japan, and original resources, such as a total of approximately 900 individuals of wild species and domestic cultivars and a collection of cDNA libraries, have been created and maintained in Kinki University and the National Institute of Fruit Tree Science, Japan. The citrus resource information, along with the genome sequence information for citrus species (in preparation), will be integrated and made searchable in the PGDBj in the near future.
Portal Website Implementation
The PGDBj portal website was constructed using open source technologies on a Linux operating system (Red Hat Enterprise Linux ver. 5.7). The MySQL database management system (ver. 5.0.95) was used to store and manage the contents. An Apache HTTP server (ver. 2.2.3), Hypertext Preprocessor (PHP) (ver. 5.3.26), Perl (ver. 5.8.8), JavaScript (ver. 1.8) and XHTML (ver. 1.0) were used to create the query-builder module for connecting user queries to the DB. The Joomla! content management system (ver. 2.5.14) was used to build the website. The Hyper Estraier search system (ver. 1.4.13, http://fallabs.com/ hyperestraier/) was adopted to carry out full-text searches against all contents of the DBs.
Conclusion
A unique feature of the PGDBj is that users have access to various plant genome DBs through the Ortholog DB, which serves as the system hub. The gene cluster information is useful to speculate about gene families and evolutionary relationships among genes across different species, leading to the discovery of new genes and elucidation of their function. Another feature is that the PGDBj provides DNA marker and QTL information of important agronomic traits manually curated from the literature. The integration of such information will encourage the use of the PGDBj by researchers in the field, and the application of this data will accelerate the crop improvement process. 
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